This paper presents a one-dimensional finite difference model that is developed to describe 13 the freeze-thaw behavior of an air-entrained mortar containing deicing salt solution. A 14 phenomenological model is used to predict the temperature and the heat flow for mortar 15 specimens during cooling and heating. Phase transformations associated with the 16 freezing/melting of water/ice or transition of the eutectic solution from liquid to solid are 17 included in this phenomenological model. The lever rule is used to calculate the quantity of 18 solution that undergoes the phase transformation, thereby simulating the energy 19 released/absorbed during phase transformation. Undercooling and pore size effects are 20 considered in the numerical model. To investigate the effect of pore size distribution, this 21 distribution is considered using the Gibbs-Thomson equation in a saturated mortar specimen. For 22 an air-entrained mortar, the impact of considering pore size (and curvature) on freezing was 23 relatively insignificant; however the impact of pore size is much more significant during melting. 24
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The fluid inside pores smaller than 5 nm (i.e., gel pores) has a relatively small contribution in the 25
Introduction 35
Deicing salts are applied to the surface of concrete pavements to melt ice and snow in an 36 effort to improve safety conditions for the traveling public. The solution that is produced (e.g., 37
water-NaCl, CaCl2, MgCl2) can be absorbed into concrete pores. This solution alters the degree 38 of saturation (i.e., the volume ratio of fluid in the specimen as compared to the total maximum 39 volume of fluid that the specimen can hold) of the concrete pavement, the freezing temperature 40 of the solution within the concrete pores, and the damage that may result [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . 41
Prediction of phase transformation within the pores requires an understanding of heat flow 42 within a mortar during a freezing/thawing cycle [14, 15] . For the purpose of this discussion, the 43 term "latent heat" is used to denote the amount of energy released or absorbed during a phase 44 transformation (formation or melting of ice or eutectic solid). The latent heat produced by the 45 phase transformation of the pore solution can be used to quantify the amount of pore solution in 46 3 concrete that freezes [2] . There are two main phenomena that affect the freezing of pore solution 47 in a mortar/concrete: (1) its pore size distribution and (2) undercooling, as described below. 48
First, the pore size distribution in concrete influences its freezing. Concrete pores are typically 49 categorized into three main classes: 1) gel pores with a radius smaller than 5 nm that are 50 associated with the formation of cement (binder) hydration products, 2) capillary pores that are 51 the remnants of the original water-filled space between (cement) particles and commonly range 52 from 5 nm to 5 µm in radius, and 3) pores (voids) associated with entrained or entrapped air that 53 range from 5 µm to 10 mm [16] [17] [18] [19] . The size of the pores in the concrete can influence the 54 temperature at which freezing occurs. This is described using the Gibbs-Thomson equation [20] . 55
A large fraction of water associated with pore sizes greater than 5 nm (i.e., capillary pores or 56 pores associated with entrained or entrapped air) is susceptible to freezing at a temperature above 57 -10 °C [9, 21, 22] . According to the Gibbs-Thomson equation, the water absorbed in the gel 58 pores will not begin to freeze until the temperature of the specimen drops to about -13 °C [22-59 24] . It is also worth mentioning that the solution inside concrete pores (i.e., pore solution) 60 contains different ionic species (such as Na + , K + , Ca ++ , and OH -) [25] that depress its freezing 61 temperature [7] . The absorption of salt solution into the pores can further depress the freezing 62 temperature of this pore solution, due to the presence of additional ions such as Cl - [5, 26, 27] . 63
Undercooling also influences freezing in concrete. While it is expected that a solution freezes 64 at its characteristic melting point temperature, Tm, freezing usually occurs at a temperature (i.e., 65
Tf) lower than Tm. This reduction in freezing temperature is known as undercooling [28] [29] [30] and 66 is primarily due to the fact that solidification (in most cases) requires the presence or formation 67 of nuclei that can trigger the freezing action. Once the heterogeneous nuclei are present in the 68 liquid phase, ice crystals begin to nucleate/grow and consequently the latent heat of fusion is 69 
In Equation 2a, the incorporation of a released/absorbed latent heat term, gen q associated 110 with freezing/melting of the pore solution within a mortar specimen is described. A heat sink 111 term, loss q is also included as shown in Equation 2b to calculate the rate of heat dissipation to 112 the environment (even though insulation is present). This heat term is considered as a fraction of 113 the rate of generated latent heat to simulate the significant heat exchange between the mortar 114 specimen and its surroundings in the lateral directions. 115 
is the apparent latent heat measured 120 considering heat dissipation during phase transformation in the system (< ∆Hf). 121
Frozen fraction of pore solution without salt, vF(T) 122
The mortar specimens contain a pore structure with a broad range of sizes. The pore size can 123 alter the freezing temperature of water [5] [6] [7] 27] . To determine the pore size distribution in the 124 mortar specimen and thus to calculate   F vT , a desorption isotherm was obtained for the mortar7 using a dynamic vapor sorption analyzer (TA Q5000). The vacuum saturation method is used to 126 fully saturate the mortar specimen (i.e., DS = 100 %). Therefore, all of the pores, including air 127 voids, are filled with water, to investigate the role of curvature of the pores on the thermal 128 behavior of the mortar. For melting, the pore size distribution obtained from an absorption 129 isotherm is used [55] . Figure 1 changes. In the second approach, the effect of a discrete pore size distribution on ice formation 140 inside the mortar specimen is simplified and a phenomenological model is adapted to simulate 141 the freezing process of water inside the mortar specimen (it considers only two classes of pores-142 large pores that include all pores except gel pores (the capillary and air entrained/entrapped 143 pores) and small pores (known as gel pores)). 144
In the phenomenological model,   F vT is considered to be a constant value based on three 145 main classes of pores: 1) gel pores, 2) capillary pores, and 3) water-filled pores associated with 146 entrained or entrapped air. To investigate the accuracy of these two approaches, the LGCC test 147 conducted by Farnam et al. [9, 11] was simulated using these two models with consideration of 148 
A phenomenological model with consideration of a discrete pore size distribution 184
Although the continuous pore size distribution can be estimated to determine the volume 185 fraction of freezable pore solution, this measurement is generally not available for 186 field/commercial concretes. In this paper, a phenomenological model is developed to use in 187 practice, when knowledge of the continuous pore size distribution is not available. response of the air-entrained mortar specimen and the approach of a discrete pore size 210 distribution will be implemented in the numerical model to investigate the thermal behavior of 211 mortar specimens containing NaCl solutions. 212
Frozen fraction of pore solution with salt, ξ(T) 213
For the case where the pores are water-filled (0 % NaCl), the value of υF(T) can be used to 214 determine the latent heat released/absorbed when the temperature of the specimen reaches 215 freezing/melting temperatures. In the case where the pores are filled with NaCl solution, the 216 presence of this salt alters the freezing/melting behavior. The phase equilibrium of NaCl solution 217 is shown in Figure 4 . In this figure, the liquidus line shows the point at which ice begins to form 218 within the NaCl solution. Above the liquidus line, no ice may be detected (i.e., point 1 in Figure  219 exists between the liquidus and eutectic temperatures (Teut= -21.1 °C), which is commonly 221 known as the freezing region (i.e., point 2). At Teut (i.e., the eutectic line), the formation of ice is 222 complete and all the solution converts to a solid eutectic composition as the temperature of the 223 solution decreases further, which is described in more detail in section 8.2. Below this 224 temperature, it is assumed that no solution exists in the capillary, air-entrained and air-entrapped 225 pores. According to solidification principles [28], the lever rule can be used to determine the 226 amount of ice when the specimen temperature is between the liquidus and eutectic lines. 227
The frozen fraction of the freezable pore solution   
The rate of ice formation within mortar pores was considered in the numerical simulation by 255
Effective thermal properties of mortar specimen 257
To develop a reliable numerical simulation at the macro-scale, it is essential to properly define 258 the material properties. This section discusses how the thermal properties of the mortar specimen 259 15 as a composite are defined for the proposed finite difference model with the consideration of two 260 approaches concerning the distribution of pore sizes, namely continuous and discrete. 
Thermal Conductivity 262
The effective medium theory (EMT) substantially alter the thermal conductivity of the mortar specimen due to the considerable 275 differences between the thermal conductivities of air, solid ice, and solution ( 
where kair is the thermal conductivity of air, Table 1 ; however, the thermal properties of NaCl solution with 290 variable concentration in the larger pores can be determined knowing the frozen fraction and the 291 Lever rule. The corresponding thermal conductivities of air, ice, NaCl solution with different 292 concentrations, and dry mortar are also provided in Table 1 . 293
Density, ρ 294
The law of mixtures (a weighted mean) can be used to predict the density of a composite 295
material. An effective density for mortar specimens   Table 1 . 304 
Specific heat capacity, C p 305
The process of determining an effective specific heat capacity is conceptually similar to 306 determining an effective density [70] . The effective specific heat capacity for a composite mortar 307 specimen p m C was calculated using Equation 12 and is shown in Figure 5c . 308
where p dry C is the specific heat capacity of the dry mortar and p P C is the effective specific 309 heat capacity of materials in the mortar pores (i.e., air, ice and solution) which can be calculated 310 using Equation 13 . 311 respectively. The corresponding specific heat capacities of air, ice, NaCl solution with different 313 concentrations, and dry mortar are provided in Table 1 . 314 315 20
Configuration of numerical simulation and boundary conditions 316
Following the work by Farnam et al. [9] , the LGCC test was simulated to quantify heat flow 317 and predict the temperature profiles of the mortar specimens. Two types of experimental data are 318 used: 1) fully saturated mortar specimens (i.e., 100 % degree of saturation) with solutions 319 containing 0 %, 5 %, 10 %, and 23.3 % NaCl (by mass), and 2) specimens saturated partially 320 with water (i.e., no NaCl involved in the solution) at degrees of saturation equal to 75 %, 85 %, 321 95 %, and 100 %. The procedures used for preparation of fully saturated and partially saturated 322 mortar specimens were addressed in previous experimental works [9, 12, 71] . 323
The experimental conditions of one-dimensional heat transfer were provided in the LGCC 324 experiment by using a heat sink at the bottom, longitudinal insulation on the sides, and foam as a 325 thermal insulation around the system to minimize the heat dissipation from the experimental 326 apparatus (Figure 6a ). However, a difference between the measured released heat in an LGCC 327 experiment and the associated enthalpy of fusion of phase change materials (i.e., Methyl Laurate 328 and Paraffin Oil), likely due to experimental imperfections (thermal bridges, heat leaks, etc.), 329 was observed. Therefore, hloss, a heat loss coefficient, is employed to simulate the energy 330 dissipation in the experimental system which is estimated as a 40 % to 60 % heat loss [72] . It is 331 worth mentioning that the advection of heat to simulate the water transport occurring during the 332 freeze/thaw cycle is neglected in this numerical investigation. The first step in the numerical approach was to discretize the experimental setup by a finite 337 difference method using an appropriate grid spacing size, approaches of consideration of either a discrete pore size distribution or a continuous pore size 357 distribution were employed, as discussed in section 3. The approach of using a distribution of 358 continuous pore sizes introduces a progressive ice formation/melting in the pores that is 359 simulated using equations 3 and 4 and figure 1 ; however, the volume fraction of pores with the 360 size greater than 5 nm (vF = 60 %) is considered to simulate the instantaneous ice 361 formation/melting occuring in the approach of using discrete pore sizes. Additionally, the 362 progressive fraction of produced/melting ice is calculated using the lever rule as discussed in 363 section 4. 364 Figure 7 Numerical algorithm of finite difference strategy using heat transfer equation to simulate the thermal behavior of a saturated mortar specimen.
Undercooling 365
The freezing temperature f T is the point at which solidification of a liquid occurs, whereas a 366 melting temperature m T is the point at which a solid melts. In most materials, Table 3 . 370 Table 3 Freezing and melting points of saturated mortar specimens with NaCl solutions [11] NaCl Solution Concentration (%)
Freezing Point
Tf ( 
374
The specimen size and cooling rate of the specimen may alter the degree of undercooling 375 [27] . In general, less undercooling is observed for larger specimens (greater chance of a suitable 376 nucleation source being present), while more undercooling is observed when a greater cooling 377 rate is employed. In the LGCC test (a 25 mm x 25 mm x 50 mm mortar specimen size), the 378 freezing was observed at -6. Figure 8 The effect of including undercooling in the numerical simulation on temperature profile of saturated mortar specimen containing water (0 % NaCl) exposed to one freeze-thaw cycle at different locations of mortar specimen: (a) x = 32 mm; (b) at x = 83 mm (see Figure 1 for definition).
Results 398

Mortar specimens saturated with water 399
In this section, mortar specimens saturated with water at 75 %, 85 %, 95 % and 100 % 400 degrees of saturation (DS) and the effect of pore size distribution are numerically investigated. 401
Fully saturated mortar specimen 402
Two numerical models, with either a continuous or discrete pore size distribution, are 403 investigated in this section. Figure 9 shows the experimental and numerical results for the 404 thermal behavior of mortar specimens that were saturated (i.e., DS = 100 %) with water. The heat 405 loss coefficient, hloss is assumed to be a constant value of 60 % in this figure. The model with a 406 discrete pore size distribution only considers the instantaneous freezing of the pore solution that 407 can freeze ( 60 The heat flow is obtained using the numerical simulation to evaluate the role of pore size 423 distribution and compared to the experimental data shown in Figure 9b . The formation of ice in 424 28 the pore solution results in an exothermic peak, which is representative of the latent heat release 425 during a freezing cycle. In the model with a discrete pore size distribution, the exothermic peak 426 is considered to occur at Tf and subsequently ceases when the entire amount of latent heat has 427 been emitted to the surroundings. The endothermic peak begins as a gradual process at 0 °C, until 428 all of the previously formed ice melts inside the frozen pores. 429
Conversely, the exothermic peak is extended to the end of the freezing cycle ( 35  °C) due to 430 gradual ice nucleation inside the smaller pores in the model with a continuous pore size 431 distribution. For the case of melting, the endothermic peak is considered to occur gradually as a 432 function of temperature and the pore size. 433
Therefore, the melting curve extends progressively to 0 °C, owing to the broad range of pore 434 sizes in the model with a continuous pore size distribution. It is concluded that the consideration 435 of pore size distribution can reasonably be neglected during the freezing process due to 436 undercooling, whereas the melting of formed ice indicated a gradual process as the temperature 437 increases in both the experimental data and the model with a continuous pore size distribution. 438
Partially saturated mortar specimen 439
The amount of heat released during freezing   
Mortar specimens saturated with NaCl solution 450
The role of NaCl concentration in the pore solution on the thermal behavior of the mortar 451 specimens was also investigated. The process of solidification of the brine solution absorbed in 452 the large pores with a high degree of connectivity is investigated in this model. Therefore, the 453 volume fraction of freezable pore solution containing NaCl solution is assumed to be 60 %. 454 Afterwards, the parameter ξ(T) is employed to calculate the volume fraction of frozen pore 455 solution vF(T)*ξ(T)=0.6*ξ(T) using the Lever rule (based on the phase diagram of NaCl 456 solution). Since it is proposed that the pores larger than gel pores are susceptible to freezing in 457 this numerical model, the size of a salt crystal is sufficiently large so as not to increase its 458 solubility correspondingly. As mentioned in section 7, undercooling compels the solutions inside 459 similar between the bottom and top layers of the mortar specimen containing 0 % NaCl solution, 505 since this process takes place immediately (0.04 seconds). During heating, the melting 506 transformation occurs gradually and the amount of ice can be simply calculated based on the 507 lever rule, since no undercooling occurs. 508 (a) (b) It is worth mentioning that there is therefore relatively no difference in the melting behavior 509 of pore solution between the top and the bottom layers of the mortar specimen. Figure 13 shows 510 the accumulated released/absorbed heat by the mortar specimen as a function of its bottom layer 511 temperature (i.e., (x = 32 mm)). Pore solutions containing 0 %, 5 %, and 10 % NaCl illustrate a 512 relatively extreme heat emission due to freezing, while the solution containing 23.3 % NaCl 513 releases relatively little energy as it is only composed of the eutectic composition (see Figure  514 13a). A snapback (rise) of temperature is observed at freezing onset due to the undercooling of 515 pore solution. Figure 13b displays how the specimen absorbs heat during heating/melting. Since 516 melting is a gradual process, the heat absorption occurs at a relatively gradual rate with respect to 517 the freezing process. It is worth mentioning that the total amount of released heat during freezing 518 is identical to the total amount of absorbed heat during melting in the system. The heat loss 519 coefficient, hloss is assumed to be a constant value of 60 % in this figure. 520 (a) (b) Figure 13 Accumulated heat as a function of temperature for mortar specimen with 5 %, 10 %, and 23.3 % NaCl concentration (a) heat released by the specimen during one freezing cycle; (b) heat absorbed by the specimen during one thawing cycle versus cold plate temperature.
34
Summary and Conclusion 529
In this paper, a one-dimensional finite difference numerical model was used to predict the 530 macroscopic freeze-thaw behavior of air-entrained mortar specimens. The effective thermal 531
properties of the composite mortar were estimated using homogenization techniques. The role of 532 curvature, owing to a broad range of pore sizes, was considered in calculating the volume 533 35 fraction of freezable pore solution exposed to freezing/thawing cycles using measured 534 absorption-desorption isotherms. It was concluded that the role of pore size (or curvature) on the 535 macroscopic behavior of the air entrained mortar specimen was negligible during freezing due to 536 the quantity of larger pore sizes in realistic mixtures and undercooling, whereas the role of 537 curvature had a considerable impact on the macroscopic behavior of the frozen mortar specimen 538 during melting. The lever rule approach, derived from a phase diagram of the NaCl-water 539 solution, and undercooling were adopted in the numerical model. It was concluded that this 540 model can simulate the freezing and thawing process of mortar specimens saturated with water 541 or various NaCl solutions to predict the thermal behavior of mortar specimens at various degrees 542 of saturation or saturated with various concentrations of NaCl solutions. 543
The computational results were compared to the experimental ones obtained for mortar 544 specimens saturated with NaCl solution using a low-temperature longitudinal guarded 545 comparative calorimeter (LGCC). A lower amount of heat release (or freezable fraction of pore 546 solutions) was observed in the experiment than the theoretical value predicted based on the 547 measured desorption isotherm. The difference may be mainly due to experimental conditions 548 allowing significant heat dissipation within the LGCC experiment. To justify the experimental 549 under-estimation of heat release, two heat loss coefficients of 40 % and 60 % were evaluated to 550 validate the numerical results. Accordingly, a better agreement was exhibited between the 551 numerical results and the experimental data. 552
